ABSTRACT. Gaucher disease type 1 (GD type 1) is the most prevalent lysosomal storage disease and has its highest frequency in the Ashkenazi Jewish population. Deficiency of the enzyme, acid 8-glucosidase, results in the deposition of glucocerebroside primarily in macrophages. The accumulation of such "Gaucher cells" leads to visceromegaly, hepatic and bone marrow dysfunction, hypersplenism, and bony disease. Eleven GD type 1 patients, ages 4-52 y, with moderate to life-threatening manifestations, received 6-12 mo of enzyme augmentation with a macrophage-targeted acid 8-glucosidase preparation.
not absence, of the enzyme acid P-glucosidase and results from numerous point mutations at that locus (3). Accumulation of its major substrate (glucocerebroside), primarily within cells of reticuloendothelial origin, leads to the clinical manifestations (1) (2) (3) (4) . In the nonneuronopathic (type 1) variant, the markedly variable phenotype results from the progressive hypertrophy and, probably, hyperplasia of tissue-bound macrophages containing glucocerebroside in the liver (Kupffer cells), spleen, and bone marrow (1, 4) . Dysfunction of these organs leads to clotting abnormalities, cirrhosis, hypersplenism, anemia, thrombocytopenia, and bony abnormalities (1, 4, 5) . In addition, many patients experience excruciating bony and splenic "crisis" due to episodic infarction of these organs (4) . Until recently, supportive medical and surgical interventions have provided the primary symptomatic relief for the disease manifestations.
Recently, Barton et al. (6, 7) reported clinical and biochemical improvement from enzyme augmentation in Gaucher disease type 1. The glycosylated enzyme had been purified from human placentae and was modified to expose terminal a-mannosyl residues (8, 9) . This approach was used to target the enzyme to the reticuloendothelial system via the macrophage a-mannosyl recognition receptor (10, 1 1) and to augment the level of residual enzyme activity in those cells. In their study, the patients all had intact spleens, significant anemia, and mild to moderate thrombocytopenia (7) . However, because of the design of this pilot trial, the influence of the spleen, the severity of the disease, the dose of the drug, and tissue distribution were not evaluated. In this study, we report the results of varying doses of Ceredase (Genzyme Corp., Cambridge, MA) in 1 1 patients with or without spleens and with moderate to life-threatening Gaucher disease type 1. In addition, the death of one severely ill patient from causes unrelated to enzyme augmentation provided the opportunity to assess the tissue distribution of the administered enzyme.
Abbreviations MATERIALS AND METHODS

ANC, absolute neutrophil count
Patient population. Eleven patients with Gaucher disease type SGPT, serum glutamic pyruvic transaminase 1 (nonneuronopathic) were entered into the trial (6-12 mo) of enzyme augmentation with Ceredase, an a-mannosyl-terminated, human serum albumin-solubilized preparation of acid Pglucosidase (EC 3.2.1.45). All patients had been followed at the Mount Sinai Medical Center for 2 to 12 y. Deficiency of acid PChucher disease is the most prevalent l~sosomal disease ( 1 ) glucosidase (5-15 % of mean normal activity) was demonstrated and has its highest frequency (-1 in 450) in the Ashkenazi Jewish with the natural and artificial substrates in peripheral blood ~o~u l a t i o n (2). The disease is due to the inherited deficiency, but mononuclear cells, cultured skin fibroblasts and/or lymphoblas-Study design. The general characteristics of the patient population are listed in Table 1 . Seven patients (ages 4-52 y) with intact spleens were selected to approximate those of Barton et al. (7) . Four (cases 2, 4, 6, and 7, ages 12-38) were chosen because of their rapidly progressing or life-threatening involvement. One patient (case 3) had had a partial splenectomy 2 y before this study (12) . Patients were evaluated by monthly history and physical and laboratory examinations. The latter included complete blood counts, reticulocyte count, urinalysis, serum creatinine, blood urea nitrogen, total alkaline phosphatase, SGPT, serum glutamic oxaloacetic transaminase, total and direct bilirubin, total acid phosphatase, serum total creatinine phosphokinase, serum lactic acid dehydrogenase, total protein, angiotensin-converting enzyme, serum iron, and total iron binding capacity. No patient was iron deficient. The long bone surveys were conducted every 3-6 mo. Volumes of the liver and spleen were determined by established computerized tomographic techniques every 5-12 mo (1 3-1 5). The initial and final volumes for each patient are shown in Table 1 . Genotype analyses for several known point mutations at the acid P-glucosidase locus were conducted by sequence-specific hybridizations as described (16) . Acid 0-glucosidase activities in autopsy tissues from case 2 and from other individuals were determined with glucocerebroside and synthetic substrates as described (17) . All tissues were obtained within 6-24 h of death.
Patients received either 30, 50, or 60 IU of Ceredaselkg body wt every 2 wk by i.v. infusion as follows: the requisite amount of Ceredase was diluted to a total volume of 100 mL in 0.9% NaC1 (U.S.P.) and infused (60 mL/h) through a blood transfusion filter. A test dose of 5 mL was given, followed by a rest period of 10-15 min, and then the infusion was completed. No adverse effects were observed in any patient.
Patientprofile. Case 1 was a 14-y-old Ashkenazi Jewish female. Gaucher disease was diagnosed at age 4 y when massive splenomegaly and pancytopenia were found. Severe growth and pubertal delay were present at 14 y, i.e. height = 128 cm and weight = 29.6 kg were at the 50th percentile for an 8-to 9-y-old. Her sexual development was Tanner stage 1 and she had a cachectic habitus. Extensive endocrinologic evaluation was unrevealing. Skeletal x-rays revealed diffuse moderate osteopenia. Enzyme augmentation was started in May 1990.
Case 2 was a 12-y-old Hispanic male. Gaucher disease was diagnosed at age 15 mo when massive hepatosplenomegaly was found. Total splenectomy for pancytopenia was performed at age 3 y. Transfusion-dependent anemia developed at age 5 y. Progressive central cyanosis, hypoxemia [Po2 -50 mm Hg (6.67 kPa)], and clubbing of the fingers and toes also developed. Lung biopsy confirmed interstitial and alveolar infiltration with Gaucher cells. Several bone marrow examinations over the past 8 y showed complete replacement by Gaucher cells. His severe bone involvement has been reported and included numerous infarcts and severe osteopenia (case 1 in Ref. 18) . He was severely cachectic and growth retarded [height = 130 cm and weight = 25 kg (both 50th percentile for a 7-to 8-y-old)]. Enzyme augmentation was started in May 1990. Clinical improvement was dramatic until December 1990, when he experienced a fatal, idiopathic, subarachnoid hemorrhage. Extensive histologic and ultrastructural studies of autopsy specimens demonstrated the lack of adverse immunologic or systemic effects of the enzyme augmentation and showed the lack of primary CNS involvement by this patient's Gaucher disease.
Case 3 was a 26-y-old Italian male. Gaucher disease was diagnosed at age 23 after protracted bleeding following a tooth extraction. Progressive splenomegaly, anemia, and thrombocytopenia necessitated a partial splenectomy at age 24. Since then, his spleen has regrown with reappearance of hypersplenism. Skeletal x-rays revealed severe generalized osteopenia as well as deformities and infarctions of the long bones. He has had recurrent bone crises involving the right hip and left knee. For the past year, he has had unremitting pain in the left upper arm, which has severely limited its use and resulted in disuse atrophy. Bone biopsy revealed Gaucher disease involvement without infection. Enzyme augmentation was started in June 1990.
Case 4 was a 37-y-old Russian Ashkenazi Jewish female. Gaucher disease was diagnosed at age 3 y. A total splenectomy was done at that time. Her complicated medical history includes massive hepatomegaly with persistently abnormal liver function tests and hyperbilirubinemia. She also has complained of severe pruritus for the past several years. Large esophageal varices were present and have required sclerotherapy on several occasions for massive bleeding. Her bony involvement included diffuse severe osteopenia, deformities of the distal femora, and a lytic lesion of the right tibia that had eroded through the cortex of the bone with extension of Gaucher cells into the surrounding tissue. She had severe growth delay and resultant severe short stature. An open liver biopsy was performed in April 199 1 during surgery for closure of a large ventral hernia. Histologic examination demonstrated massive infiltration by Gaucher cells as well as nodular cirrhosis. Enzyme augmentation was started in October 1990.
Case 5 was a 36-y-old male of Irish/Portuguese ancestry. Gaucher disease was diagnosed at age 5 y when he presented with splenomegaly. A bone marrow examination performed at that time revealed the presence of Gaucher cells. He has had bony involvement since age 28, with pains in the hips, legs, knees, feet, shoulders, and arms. He has had chronic anemia as well as progressive thrombocytopenia. During the 2 y preceding institution of enzyme augmentation, he had rapid enlargement of his spleen and significant worsening of his bone involvement due to Gaucher disease. A left hip core decompression was performed in September 1990 for avascular necrosis. Enzyme augmentation was started in October 1990.
Case 6 was a 38-old Ashkenazi Jewish female. Gaucher disease was diagnosed at age 5 y when she presented with splenomegaly and epistaxis secondary to thrombocytopenia. A splenectomy was performed at that time. Subsequently, she developed aseptic necrosis of the femoral heads during childhood and required a wheelchair for several years. She has reported no further bone problems since adolescence, although she still walks with a limp. Recently, her problems have involved massive hepatomegaly as well as transfusion-dependent anemia from bone marrow failure, which was unresponsive to erythropoietin and various androgens. Enzyme augmentation was started in December 1990.
Case 7 was a 30-y-old Russian Jewish male. Gaucher disease was diagnosed at age 5 y when he presented with abdominal pains and hepatosplenomegaly. He experienced multiple bone crises involving the lower extremities, which resulted in several hospitalizations. A total splenectomy was performed at age 26 for severe anemia and thrombocytopenia. After splenectomy, he reported much more frequent bony crises involving the knee and ankle, with frequent painful swelling of these joints. He developed left hip pain, and destruction of that joint required total left hip replacement at age 29. Enzyme augmentation was started in January 199 1.
Case 8 was a 40-y-old Ashkenazi Jewish male. Gaucher disease was diagnosed pathologically at age 35 after left humeral head replacement. The right humeral head required replacement 4 y later. He had experienced episodic upper and lower extremity pains for many years. Many of these episodes lasted for several days. He has had moderate~hepatosplenomegaly, and mild anemia and thrombocytopenia. Enzyme augmentation was started in January 199 1.
Case 9 was a 48-y-old Ashkenazi Jewish male. Gaucher disease was diagnosed at age 11 y when splenomegaly was found on physical exam. He had a history of "polyarthritis" involving the hips, ankles, and knees during early childhood, as well as thrombocytopenia. He has had pancytopenia and massive splenomegaly with splenic infarcts on nuclear medicine scans. His medical history has been complicated by renal impairment, hypertension, gout, and a monoclonal IgM gammopathy. Enzyme augmentation was started in March 199 1. Case 10 was a 52-y-old Ashkenazi Jewish male. Gaucher disease was diagnosed at age 36 y when splenomegaly was noted on physical exam. A bone marrow examination performed at that time revealed Gaucher cells. In addition to massive splenomegaly, he has pancytopenia and also pain and stiffness in his right shoulder, hips, ankles, and knees. X-rays revealed diffuse osteopenia with evidence of avascular necrosis and partial collapse of the right humeral head. Enzyme augmentation was started in April 199 1.
Case 1 1 was a 4-y-old Ashkenazi Jewish male. Gaucher disease was diagnosed at age 3 y when progressive splenomegaly, anemia, and thrombocytopenia were observed. Enzyme augmentation was started in April 199 1.
RESULTS
Hematologic and blood chemistry responses. Before beginning enzyme therapy, moderate to severe anemia was present in 10 of 11 patients (Table 1) . Persistent thrombocytopenia also was present in eight cases (cases 1, 2, 5,6, and 8-1 1). Normal platelet counts were consistently present in three cases (cases 3, 4, and 7). Case 7, a splenectomized 30-y-old male, had low normal Hb and normal platelet counts before beginning enzyme augmentation. In all patients, the Hb levels increased by 6-8 mo (Table 1 , Fig. 1A and C) . However, the time required for persistent increases and the degree of increase were not consistent (Fig. 1A  and C) . The responses were independent of the Ceredase dose. (Fig. 2) . These fluctuations in case 1 provided an impetus for the dosage increase to 60 IU/kg at 210 d. Subsequently, the increase in Hb level continued at about the same rate, but the platelet count now consistently increased. Case 3 had continued increases in the Hb levels and platelet counts without a change in dose (30 IU/kg). Cases 4, 5, and 7-10 (dose = 50-60 IU/kg) showed a mean increase of 19% (range = 14-27%) from baseline Hb levels by 6-8 mo (Fig. 1A) . The platelet counts were unchanged (cases 4 and 10) or increased by 21-56% (cases 5 and 7-9). In these six patients, the presence or absence of the spleen had no major influence on the degree or rate of increase in Hb level or platelet count.
Two very ill patients (cases 2 and 6) had different, dramatic patterns of hematologic responses (Table 1, Fig. 1C ). Their anemias were no longer transfusion-dependent after the first dose of Ceredase. The Hb levels and platelet counts in case 2 promptly increased so that normal values were obtained by about 50 d. For case 6, the responses of Hb level and platelet count were delayed until 75 and 150 d, respectively. Normal Hb levels were attained by 120 d and the platelet count doubled by 180 d.
Only case 1 was persistently neutropenic (ANC -600-1000/ mL). The changes in her ANC have been erratic and similar to those for her platelet count. Her neutropenia resolved by 300 d with persistent ANC >1400/mL. Three splenectomized patients (cases 2, 4, and 7) had persistent leukocytosis (white blood cell count > 1 1 000/mL). In cases 2 and 4, this abnormality resolved by 6 mo, whereas in case 7 leukocytosis (>I4 000) has persisted.
Total serum acid phosphatase values in 1 1 patients were mildly elevated [mean = 2.6-fold (range = 1.1-3.7) above the upper limit of normal] and the corresponding value in one patient (case 1) was 12.6. The mean increase for all eight patients was 3.4-fold (range = 1.1-12.6). In the seven patients with mildly elevated initial values, reductions of total serum acid phosphatase to nearly normal values [I .O-fold (0.5-1.6)] were obtained by 6 mo. In case 1, the value declined from 12.6-fold to 3.4-fold by 6 mo. Effect of Ceredase on visceral organs. As shown in Table 1 and Figure 2 , all patients had marked hepatosplenomegaly. Assuming 1 g/mL volume and relative to body wt, these patients had an initial mean of 3-fold (range = 1.3-4.6, n = 11) and 28-fold (range = 8-62, n = 6) increases in volume of the liver and spleen, respectively ( Table 1) . As shown in Figure 2 , the organ volumes, relative to body wt, decreased in all patients by 6-12 mo of enzyme augmentation. Aggregate values were 20% (range = 3-35%, n = 11) and 35% (range = 20-52%) decreases in volumes of the liver and spleen, respectively, at 6-13 mo. In cases 2, 4, 5 00 and 8, these changes in liver volumes were at the limits of detectibility. In this patient population, no clear difference in the decreases in hepatic volumes were noted between the splenectomized and nonsplenectomized patients (Fig. 2) . The decreases in liver volume were unrelated to dose (Fig. 2) . The normalcy or minimal abnormalities in serum SGPT, serum glutamic oxaloacetic transaminase, bilirubin, PT/PTT, or serum albumin (cases 1-3, 6-8) precluded assessment of the relationship of these decreases in volume on hepatic function. However, in case 4, the 3-to 4-fold elevations in SGPT and bilirubin became persistently normal or nearly normal by 6 mo (data not shown). In the six patients with intact spleens, major decreases in splenic volumes were found with all doses by 6-13 mo [mean = 35% (range = 20-52) decreased]. However, a greater rate of splenic volume decrease was found in case 1 after increasing the dose from 30 to 60 IU/kg.
The six patients (cases 3, 4, 5, 7, 8 , and 10) with complaints of intermittent pain and/or chronic discomfort in the long bones reported a decrease in intensity and/or frequency of these symptoms. All but case 3 are now free of bony symptoms. Case 3 also had chronic intermittent episodic pains, which have resolved. However, the left humoral and shoulder pain, without joint involvement, which has been present for the past 16 mo, has not been alleviated. Radiographic examination of the long bones in all patients demonstrated no changes in architecture, mineralization, or cortical thickness.
Tissue distribution and levels of Ceredase. The death of case 2 from an idiopathic subarachnoid hemorrhage provided samples for analysis 10 d after his last infusion of 60 IU enzymelkg and about 18 h after death (Table 2 ). In addition, case 3 had a core decompression of the left humerus about 19 h after a dose of 30 IU/kg enzyme ( Table 2 ). In liver and bone marrow from case 2, substantial acid P-glucosidase activity was present, but not in lung or brain samples. Based on liver weight (2898 g) at autopsy (case 2), about 4-5% of the administered dose still was present in the liver. The levels of enzyme activity in bone marrow aspirates from cases 2 and 3 were 7 and 12 times normal values, respectively. Although these bone marrow samples are not strictly comparable, they clearly indicate that Ceredase is distributed there and persists for a substantial period in that tissue.
DISCUSSION
Until recently, only supportive therapy was available for patients afflicted with Gaucher disease. The advent of mannoseterminated acid P-glucosidase (Ceredase) for enzyme augmentation in Gaucher disease type 1 (nonneuronopathic) was shown to improve the anemia and thrombocytopenia as well as to decrease the visceromegaly in affected patients (6, 7) . All patients in the previous study received 60 IU/kg Ceredase and had moderate to moderately severe Gaucher disease with intact spleens and no evidence of the additional visceral complications (7) . Consequently, the effectiveness of different doses of enzyme, the efficacy of such enzyme augmentation in very severe (endstage) Gaucher disease type 1, and the influence of the spleen on effectiveness were unknown.
The present results indicate similar efficacy with Ceredase and demonstrate its efficacy in moderate to very severe Gaucher disease. This latter group included patients with pulmonary involvement, hepatic cirrhosis, and bone marrow failure with myelofibrosis. As shown in Figures 1 and 2 , the rates of improvement in Hb level, platelet counts, and hepatic volume appeared independent of the dose of Ceredase. In case I, a greater rate of splenic volume decrease was observed after an increase in dose from 30 to 60 IU/kg. Excluding cases 2 and 6 with bone marrow failure and transfusion-dependent anemias, the average increases in Hb levels and platelet counts were 21% (range 0-55%) and 25% (range = -10-63) over baseline in 6-12 mo, respectively. These results compare very well with those obtained at 9-12 mo by Barton et al. (7) , i.e. Hb level and platelet count increases of 36% (range = 12-84) and 39% (range = -16-90), respectively. In two of the present patients with life-threatening complications of Gaucher disease (cases 2 and 6), the hematologic responses were very dramatic. Neither patient required transfusions to support their Hb levels after a single dose of Ceredase, even though there was a lag in Hb response in case 6 for about 2 mo. The normalization of Hb levels in these two patients (-100 d) and dramatic increases in platelet counts (-50-150 d) were unexpected, especially because case 6 had failed androgen and erythropoietin therapy for her myelofibrosis. The mechanisms responsible for these responses in the two severely ill patients are unknown, but in case 2, the patient who has hypoxemia, the increase in Hb could have been erythropoietin mediated.
In comparison, during the same time period, improvement was not observed by radiographic examination of the bones, although bony discomfort and pain decreased in all symptomatic t The bone marrow aspirates were frozen as whole aspirates and thawed to approximate the aspiration specimens obtained on cases 2 (at autopsy) and 3 (at surgery). $4MUGlc and GC refer to the synthetic and glucosylceramide substrates, respectively.
4 One specimen was obtained from the iliac crest of an untreated Gaucher disease patient.
patients. Similar symptomatic relief was reported by Barton et al. (7), but one child was shown to have remodeling of the femur to near normalcy and remineralization during a longer course of enzyme augmentation (6). Case 2 had no demonstrable bone marrow by technetium-99 sulfur colloid scans before enzyme infusions. Histologic examination at autospy demonstrated the presence of large areas of productive and highly cellular marrow in the femur, vertebral bodies, and pelvis (data not shown).
Similarly, no improvements in the pulmonary involvement in case 2 were demonstrated by increases in blood gas measurements or pulmonary function studies at 6 mo into enzyme augmentation. Histologic comparison of a lung biopsy obtained about 3 y before and lung samples obtained at autopsy 8 mo after beginning enzyme augmentation suggested fewer Gaucher cells in the autopsy specimens, but the lungs were still massively infiltrated. These findings indicate clear effects on bone marrow reconstitution and suggest that architectural changes in bone and reversal of pulmonary involvement require more prolonged treatment. Ceredase has been designed for targeting to the site of pathology in Gaucher disease, the macrophage, via an a-mannosyl receptor on the surface of these cells (10) . Because of this and the massive (60 times the expected normal size in case 1) enlargement of the spleen in many affected patients, we had expected that the presence of the spleen might influence the response to the enzyme because this organ could trap enzyme in the large number of Gaucher cells there. As shown in Figures I and 2 , the hematologic or hepatic changes were not different in patients with or without spleens. Indeed, the change in hepatic volumes was small in cases 2 and 4, involving patients who were splenectomized early in life. Consequently, these data do not support the use of splenectomy as an adjunct to lowering the enzyme dose required. In addition, the morbidity associated with splenectomy (19) (20) (21) (22) (23) , per se, and in Gaucher disease, in particular (24, 25) , would indicate that reduction of splenic size by enzyme augmentation would be preferable to the surgical approach for the hematologic management of Gaucher disease patients. Importantly, extensive hepatic fibrosis (case 2) and cirrhosis (case 4) were present in severely involved patients who had splenectomies early in life. Similarly, case 6 with massive hepatomegaly and bone marrow failure underwent splenectomy at age 5 y, but had a moderate decrease in hepatic volume (18%) with enzyme augmentation. Three patients who were younger (case I), generally more moderately involved (case 5), or recently splenectomized (case 7) had the largest reductions in hepatic volume. Although improvements were observed in hematologic and/or disease manifestations will be needed to provide support for this proposal.
From these and previous investigations (6, 7) , Ceredase has now been demonstrated to be efficacious in the reversal of several manifestations of Gaucher disease. Both chemical and clinical improvements have been observed in all patients, even those with bone marrow failure or active cirrhotic processes due to Gaucher disease (case 4). However, the cost of the enzyme is high; i.e. at 60 IU/kg, the cost is $210/kg body wt every 2 wk. The present studies demonstrate that similar responses can be achieved with 30 IU/kg every 2 wk, i.e. at one half of the cost. The substantial variability in hematologic and visceral organ changes at any dose of enzyme and with any degree of disease involvement indicates that the minimal effective dose will be difficult to determine from single cases. Furthermore, in the absence of turnover data for the enzyme in tissues, it is difficult to determine an optimal dosing schedule (26) , which could lower the cost substantially. The analyses of autopsy tissues from case 2 indicated that the enzyme activity was present at normal levels in liver and high levels in bone marrow 10 d after the infusion and 18 h after death. This result demonstrates a prolonged halflife for the administered enzyme in hepatic tissue and bone marrow, at least in this splenectomized patient. This result correlated with the recovery of functional bone marrow by hematologic parameters and histologic demonstration of normal marrow elements (data not shqwn) in this patient, who had complete replacement of bone harrow by Gaucher cells before enzyme augmentation. The presence of elevated levels of acid Pglucosidase activity in humeral bone marrow from case 3 further indicates the distribution of the exogenous enzyme to this tissue in a patient with an intact and enlarged spleen. These findings indicate that the enzyme is distributed to and is functional in two of the major sites of pathology in this disease, i.e. the liver and bone marrow. The deficiency of the enzyme in autopsied lung and brain from case 2 may indicate organ-specific distribution (i.e. not to brain) or, at least in lung, differential turnover of the exogenous enzyme. This finding may have implications for enzyme delivery in the subacute neuronopathic (type 3) variant or in patients with severe pulmonary involvement from Gaucher disease.
